In this paper, four easy-to-fabricate graphene-based Si waveguide modulators are presented to overcome the strong polarization dependency of graphene-based modulators. The modulation features of two newly proposed structures, i.e. two graphene-based buried silicon waveguides in addition to two standard ridge silicon waveguides at the telecommunication wavelength of = 1.55 are studied. The results show that for certain widths of each waveguide (the height is constant), the amplitude and phase modulations clearly become polarization-insensitive. The amplitude modulation depths for both the TE and TM modes are equal for these optimized waveguides with the precision of 10 −4 ⁄ . Moreover, in some of the proposed modulators, the maximum variations of the real parts of the effective mode indices (EMI) for both the TE and TM modes coincide with each other with an excellent precision (5 × 10 −5 ). This precision value is much smaller than the standard criterion value for confirming a polarization-insensitive phase modulation. Furthermore, the performances of all the structures are studied for all optical telecommunication wavelengths. Even without making any changes to the structures designed at 1.55 at appropriate wavelength intervals, the structures exhibit polarization-insensitive behaviors.
Introduction
Due to the ever-increasing need of human beings for large data transfers, the need for faster, smaller, and less power-consuming electro-optical modulators has become apparent [1] . Therefore, traditional modulators constructed based on the Kerr, Pockels, Franz-Keldysh, and plasma-dispersion effects will probably not be able to meet the above-mentioned needs any more [2] . In addition, these modulators (such as silicon and lithium niobate ones) have a large footprint (on the order of millimeters to even a few centimeters) and require a high electrical power to convert electrical signals to optical ones [1, 2] . Furthermore, in the phase modulation, controlling the polarization of the incident light has a crucial effect on the performance of the device. These deficiencies have prompted researchers to utilize new 2D materials (such as graphene which has striking optical properties) in sub-micron photonic structures in order to design and fabricate high-performance electro-optical modulators [1, 3] . Researchers have proposed many methods (such as electrode sets [4] and bidirectional modulation [5] ) for constructing phase modulators with polarization-insensitive properties. However, the need for a device with a long waveguide, a large operating voltage, and a small bandwidth is the major limitation of these methods. Therefore, polarization-insensitive modulators (especially the phase types) with compact dimensions, low insertion loss, and high bandwidth are very useful. Accordingly, the first graphene-based electro-optical modulator with the mode power attenuation (MPA) of about 0.1 dB⁄μm and the length of 40 μm was fabricated by Liu et al. [6] . A little later, an electro-absorption modulator based on a double-layer graphene silicon waveguide with the MPA of about 0.16 dB⁄μm was reported by the same group [7] . Thereafter, many graphene-based electro-absorption and phase modulators have been designed and fabricated in various photonic structures such as slab waveguides [8] [9] [10] [11] [12] [13] [14] [15] [16] , graphene-covered fibers [17] [18] [19] , Mach-Zehnder interferometer (MZI) phase modulators [20] [21] [22] [23] , ring resonators [24] [25] [26] [27] , plasmonic and hybrid modes [28] [29] [30] [31] [32] , and slot waveguides [33] [34] [35] [36] . While adding graphene to modulators has proved to be very useful, standard graphene modulators based on slab waveguides have a major disadvantage: the dependence of their optical loss on the mode polarization [37] . Recently, many efforts have been made to propose structures for eliminating the sensitivity of graphene modulators to polarization [38] [39] [40] [41] [42] [43] [44] . Although their results are desirable, some of the proposed structures have some complexities in terms of fabrication and have a lot of stages. In addition, these efforts have focused on either a phase or an amplitude modulator.
In this paper, four new and easy-to-fabricate structures have been introduced for highperformance polarization-insensitive graphene-based electro-optical modulators for both amplitude and phase modulations. Furthermore, some of the proposed structures operate very well in a wide range of wavelengths as they do at the wavelength of 1.55 μm. The dimensions of the proposed structures, in the ridge and buried shapes, are adjusted to achieve the same performance for the TM and TE polarization modes. The results show that for each structure there are two widths in which the modulator is not sensitive to polarization at the wavelength of 1.55 μm. Moreover, the effective mode indices (EMI) have been calculated numerically for all the structures with the adjusted dimensions in terms of the chemical potential of graphene. Besides, its real and imaginary parts (MPA is used instead of the imaginary part) have been studied in detail. Conventionally, for amplitude modulation, the variation of MPA (i.e. the difference in its value between the on-and off-states also called 'modulation depth') is a key parameter for the evaluation of efficiency. The results indicate that the MPA curves of the TM and TE modes coincide with each other for all the proposed optimized structures showing the polarization-independent amplitude modulation. Furthermore, with the obtained values for MPA in the off-state (the smallest value is about 0.3 dB⁄μm), short footprint modulators can be fabricated based on the proposed structures so that only a length of 10 μm is sufficient for a 3-dB modulation. In the on-state, the value of MPA is very small (0.01 dB⁄μm).
The current study shows that the proposed structures with the adjusted dimensions can also act as polarization-insensitive phase modulators. Due to the direct relationship between the real part of EMI and the phase shifting of the propagating mode in the waveguide, the real part of EMI has been studied in terms of the chemical potential of graphene layers. The results for the ridge and buried waveguides show that the fundamental TE and TM modes have the same behavior. For each structure, the corresponding curves for the TE and TM modes coincide with each other with a precision of 10 −4 and even less. The maximum variation of the real part of EMI with respect to the chemical potential is nearly equal to 0.02 which is more than the values reported before [20] . Moreover, this value demonstrates that the required mode propagating length for a π-phase shift is nearly 40 μm. Finally, the robustness of the presented polarizationinsensitive modulators when they are used at other operational wavelengths in the optical telecommunication region is also studied.
The tunable optical properties of graphene
Graphene is one of the thinnest materials artificially synthesized in professional laboratories. It consists of a 2D arrangement of carbon atoms each of which has three covalent bonds with its neighbors in a honeycomb lattice. The fourth electron stays free which is the origin of the extraordinary properties of graphene [45] . In spite of the high in-plane mobility of the free electrons, they are bounded in the out-of-plane direction. Hence, the in-plane electrical conduction and consequently the in-plane dielectric constant of graphene totally differ from the out-of-plane ones depending on the substrate material. This means that graphene is an anisotropic optical material [46] . Due to the gapless band structure of graphene, when the density of the electric charge carriers is altered, a quantum phenomenon called 'Pauli-blocking' happens. In fact, by changing the density of the carriers in graphene which is equal to changing the chemical potential (the Fermi energy), the electrons cannot absorb photons with an energy lower than twice as much as the Fermi energy. As a result, absorption suddenly drops and graphene becomes transparent to light. The in-plane conductivity (and as a result, the permittivity) of graphene has been theoretically modeled by different approaches such as the Kubo formula [46] , the random phase approximation [46] , and the Kramers-Kronig relations [47] . The out-of-plane permittivity of graphene is usually considered as a constant value of 2.5. In this paper, the Kramers-Kronig relations were used to define the dielectric constant of graphene. Thus, the real and imaginary parts of graphene are obtained by the following equations, respectively [47] :
is the thickness of the graphene layer that is equal to 1 in the current study. The interband transition broadening is set to 110 from the graphene reflection spectrum. The free-carrier scattering rate 1⁄ can be assumed to be zero because of its negligible effect on the real and imaginary parts of the dielectric constant at the incident photon frequency (the near-infrared region). Therefore, the last term in Eq. (2) is ignored [47] . Besides, is the electric charge of the electron, is the energy of the incident photon in eV (here the operation wavelength is 1.55
, hence, = 0.8 ), 0 is the vacuum permittivity, and is the chemical potential of graphene in [47] . Accordingly, the in-plane dielectric constant of graphene is ∥ ( , ) = ′ ( , ) + ′′ ( , ). The chemical potential of graphene can be tuned by using a gate voltage [6] :
where ℏ is the reduced Planck constant, is the Fermi velocity which is equal to 0.9 × 10 6 −1 , = 9 × 10 16 −2 −1 is estimated using a parallel-plate capacitor model of the device, is the gate voltage, and 0 is the offset voltage caused by the natural doping of graphene [6] . Therefore, by applying appropriate changes to , the desired amount of is obtained.
In Fig. 1 , the variations of the real and imaginary parts of the dielectric constant of graphene as the functions of the chemical potential ( ) are plotted. At a certain value of the chemical potential, graphene experiences a maximum in its real part of the dielectric constant, while its imaginary part decreases fast to zero concurrently. In fact, this value for the chemical potential is exactly equal to half of the photon energy and Pauli-blocking is responsible for this behavior [3] . Based on the above discussion, since the photon energy is 0.8 eV, the maximum value of the real part of the dielectric constant and a sudden drop in its imaginary part both occur at the value of = 0.4 . Therefore, the chemical potential values of less than half of the photon energy for are suitable for the off-state (high absorption), whereas the chemical potential values of more than half of the photon energy should be selected for the on-state in the amplitude modulation mechanism. 
The modulator structures and the analysis method
In this paper, four structures are proposed for polarization-insensitive electro-optical modulators based on rectangular cross-section silicon waveguides with their surfaces covered by graphene layers. Two of them have a ridge geometry and the other two are buried waveguides (see Fig. 2 ). First, the structure composed of a Si-slab buried in a SiO2 substrate with two layers of graphene at the bottom and one layer on each of the sidewalls ( Fig. 2(a) ) is considered. It should be noted that two horizontal graphene layers (in the x-direction) are also on the top of the SiO2 substrate and are located on the left and right sides of the buried and ridge waveguides in order to facilitate the connection of the structures to the gate voltages or electrodes. The second structure is also a buried waveguide with only one graphene layer on its floor and another graphene layer on its roof (see Fig. 2 (b)). The third configuration is sketched in Fig. 2 (c). It consists of a Si-ridge waveguide lying on a SiO2 substrate, a single layer of graphene on each sidewall, and two graphene layers on the top of the waveguide. The last structure is depicted in Fig. 2(d) . It has the same structure as that of (c) but has only a single layer of graphene on its top and also has a single layer on its bottom. In all the structures, an insulating layer (e.g. Al2O3) is between the Si medium and the graphene layers and also between the two adjacent graphene layers in order to prevent the transfer of charge carriers between them. Increasing or decreasing the density of electric charge carriers in graphene layers in the structures can be analogized to the charging or discharging of a capacitor. The larger the capacitance, the less the power needed to charge and discharge it. It should be noted that in structures (a) and (c), two graphene layers that lie at the bottom and top of the Si core, respectively, form a planar capacitor. According to the capacitance equation of the planar capacitor, = 0 ⁄ , the separation ( which is the thickness of the Al2O3 spacer between the graphene layers) between the two graphene layers is sufficiently small and the capacitance is ideally large. In structures (b) and (d), the horizontal graphene layers stretch to the two sides of the waveguide cores to overlap each other. Hence, the capacitance of the capacitor is significantly enhanced. To study these structures accurately, it is necessary to consider graphene as an anisotropic material. It is also important to note that the graphene layer lies horizontal (in the x-z plane) or vertical (in the y-z plane) inside the waveguide structure. Therefore, the dielectric constant tensor of the horizontal graphene layers can be written as:
In addition, the corresponding tensor for vertical graphene layers is:
∥ and ⊥ have already been introduced by relations ∥ = ′ + ′′ and ⊥ = 2.5 . The propagation direction in the waveguides is along the z axis. Thus, for horizontal (vertical) graphene layers, the out-of-plane direction is along the y axis (x axis). The height of the Si slab ( ℎ ) is fixed at the value of 300 nm for all the structures. However, the width ( ) of the Si slab varies from 210 to 390 nm for the buried structures and from 180 to 390 nm for the ridge structures. Some properties of the fundamental TE and TM modes in the proposed structures (such as MPA at = 0 ( )) are presented in different parts of Fig. 3 . According to this figure, the MPA for the TM mode has fewer changes with respect to the variations of the waveguide width compared to that of the TE mode. As shown in Fig. 3 , the TE mode curves have an obvious maximum in MPA. The curves for two ridge structures have more drastic variations compared to those of the buried structures. In addition, the curves of the TM and TE modes cross each other at two points. These intersection points are much desired since at these points the MPAs for the two different polarization modes become equal. Therefore, these points demonstrate the optimized dimensions of the waveguide to overcome the functionality dependence of graphene modulators on the incident light polarization. Fig. 3 . MPAs ( ⁄ ) for two different polarization modes (TE & TM) in terms of for a) 3-side-graphenecovered buried waveguide ( Fig. 2-a) b) 4-side-graphene-covered buried waveguide ( Fig. 2-b ) c) 3-side-graphenecovered ridge waveguide (Fig. 2-c) d) 4-side-graphene-covered ridge waveguide ( Fig. 2-d) In Fig. 4 , the differences between the real parts of the EMI (for the chemical potential values of = 2 ⁄ = 0.4 and 1.0 ) as a function of the waveguide width ( ) are calculated for the TE (∆ ) and TM (∆ ) modes. These chemical potential values are selected according to Fig. 1 in order to specify the maximum alteration in the real parts of EMI in the two modes. By comparing the different parts of Fig. 3 with their corresponding counterparts in Fig. 4 , a similar behavior for the variations of ∆ and MPA with respect to can be seen. Besides, the intersection points of the TE and TM curves for the same structures in the two figures are identical.
Thus, based on this comparison, a very interesting result emerges, i.e. the proposed structures are very good candidates for polarization-insensitive modulators (both amplitude and phase types). In other words, by selecting an appropriate size for the graphene-based Si waveguide, the structure can act not only as a polarization-insensitive phase modulator but also as a polarization-insensitive amplitude modulator. The exact values of at the first and second intersection points obtained from Figs. 3 and 4 along with the corresponding MPAs and EMIs at these waveguide widths are presented in Table 1 . Fig. 4 . The difference between the real part of the EMI in = 0.4 ( ) and = 1 ( ) in terms of for a) 3-sidegraphene-covered buried waveguide ( Fig. 2-a) b) 4-side-graphene-covered buried waveguide ( Fig. 2-b ) c) 3-sidegraphene-covered ridge waveguide (Fig. 2-c) d) 4-side-graphene-covered ridge waveguide ( Fig. 2-d) The curves in Fig. 4 have some ripples whose origin is the special properties of graphene. Therefore, the curves are not as smooth as those in the previous figure (MPAs at = 0 ). According to Fig. 1 , when the chemical potential is increased, the real part of the dielectric constant of graphene begins to increase until it experiences a cusp-like maximum at = 2 ⁄ . Then it decreases to zero and eventually becomes negative (for instance at = 1 ). The negative values of the dielectric constant provide a proper opportunity for the excitation of some surface modes. Therefore, unlike ordinary noble metals such as Au and Ag, both TM and TE surface modes can be propagated along the graphene layers when the real parts of the dielectric constant of the graphene layers become negative [48] . The surface modes affect the EMIs of the propagating modes of the structures and are responsible for the small ripples in the curves of Fig. 4 and those of Fig. 13 . In addition, the difference of the real part of EMI for two chemical potential values at = 0.4 and = 0.5 (at which the dielectric constant of graphene is not negative) was calculated. Hence, the surface modes no longer existed and the ripples disappeared completely. Afterward, the numerical simulations were repeated for the actual thickness of graphene layers ( = 0.34
) and the surface modes and the ripples were still observed. Fig. 5 shows the electric field distributions for the dominant (normal) component of the TM and TE modes typically in structure (d) (with = 365 ) when = 1 . By magnifying the field distributions on the graphene layers, (the y-component for the TM mode and the x-component for the TE mode), some surface modes similar to surface plasmons are clearly observed. 
Electro-absorption modulation
In this section, the amplitude modulations for the TE and TM fundamental modes of the different proposed structures with optimized ( Table 1 ) values are studied. In addition, the electric field distributions for each TE and TM mode at the wavelength of 1.55 μm for these optimized buried and ridge graphene-based silicon waveguides are investigated. As stated above, when the Fermi energy or the chemical potential of graphene increases and passes a cutoff point ( = 2 ⁄ ), the electrons in the valence band are no longer able to absorb the incident photons (with energy ). Thus, graphene becomes transparent to light. Therefore, by tuning the chemical potential, the imaginary part of EMI of the whole structure and subsequently the absorption of graphene can be modulated. Here, the MPA of the structure is directly related to the imaginary part of EMI:
log( ) (6) Here is the imaginary part of the EMI of the structure and is the wavelength of light. The MPAs of the TE and TM modes as the functions of the chemical potential for two types of buried waveguides (parts (a) and (b) in Fig. 2) with optimized values (extracted from Fig.  3 ) are plotted in Fig. 6 . As shown, the general behavior of MPA in the proposed waveguides is the same as the imaginary part of the dielectric constant of graphene with respect to its chemical potential. In addition, as can be seen in the different parts of Fig. 6 , the values of MPA for the TE mode coincide with those of the TM mode with the precision of less than 10 −3 ⁄ . This is in fact an interesting result and the proposed goals of the current study for the polarization independence of amplitude modulation in these waveguides are well fulfilled. As shown in Fig. 7 (a-d) , the MPA values of two different polarization modes for two optimized ridge structures behave like a step function. At first, they are approximately constant but suddenly fall by passing a certain point ( = 0.4 ) and then become constant again with a very small value. Furthermore, the curves of the TE and TM modes have a good conformity with each other which shows that the proposed ridge structures can play their roles as polarization-insensitive electro-absorption modulators very well. By changing the chemical potential of graphene, the imaginary part of the refractive index changes and consequently the absorption coefficient or equivalently MPA changes. In fact, the modulation depth can be determined by the MPA discrepancy between the on-state and the off-state. A chemical potential value of the graphene layers must be considered as the off-state in which the MPA is maximum and consequently the transmission is minimum. On the other hand, a chemical potential value must be considered as the on-state in which the MPA is minimum and therefore the transmission is maximum. What is more, due to the relationship between the chemical potential and the applied gate voltage, in order to reduce power consumption as much as possible, the two mentioned values for the chemical potentials should be as close to each other as possible. A reasonable choice may be the two chemical potential values just before and after the sudden decrease point ( = 0.4
). In addition, the ridge structures have a larger attenuation compared to their buried counterparts for small chemical potential values. Here, the electric field distribution for the TE and TM fundamental modes in two of these modulators with optimized is investigated. The z axis is the propagation direction which is parallel to all the graphene layers. At first, the 4-side-graphene-covered ridge waveguide (see part (d) of Fig. 2) with W Si = 354 nm is investigated. Fig. 8 demonstrates these field distributions for the TE (a-c) and TM (d-f) modes. In each mode, the total electric field has two components: the field in the plane of graphene layers (tangential component) and the field perpendicular to it (normal component). For the TE mode, the distribution of these components is illustrated in parts (a) and (b) of Fig. 8 , respectively, while the magnitude of the total electric field is shown in part (c) of Fig. 8 . Here, the magnitude of the tangential component of the electric field is | ∥ | = (| | 2 + | | 2 ) 1 2 ⁄ and its normal component is | |. In the TE mode, the x-component of the electric field is considered as the normal component since it is vertical to the left and right walls of the Si waveguide. This component has very little contribution to the TE modulation process since it is normal to the graphene layers on the left and right walls of the waveguide. Moreover, has small in-plane values on the top and bottom walls (around their middle regions) which are also covered by graphene layers (see Fig. 8(b) ). Nearly the same procedure is valid for the TM mode in this type of waveguide. However, in this case, the y-component of the electric field plays the role of the normal component ( Fig. 8 (e) ) and the tangential component becomes | ∥ | = (| | 2 + | | 2 ) 1 2 ⁄ ( Fig. 8(d) ). Like the TE mode, the normal component of the electric field ( ) in the TM mode has little contribution to the modulation task compared to the tangential one ( ∥ ) since it has a small amount on the graphene layers on the left and right walls of the Si waveguide (compare parts (d) and (e) of Fig. 8 ). Secondly, as shown in Fig. 9 , as another example, the electric field distribution of the TE and TM fundamental modes is calculated for the first intersection point in an optimized buried waveguide structure depicted in Fig. 2 (a) . Like Fig. 8 , the tangential and normal components of the electric fields of the TE and TM modes are plotted for the 3-side-graphene-covered buried waveguide with = 242 (see Fig. 9 ).
Phase modulation
Here the phase modulation behavior of these graphene-based waveguides and their polarization independence in phase modulation is analyzed. For this goal, the alterations of the real parts of EMI belonging to the fundamental TE and TM modes in all the optimized waveguide structures are investigated in terms of chemical potential. The first and second rows in Fig. 10 demonstrate the variations of the real parts of the EMIs versus the chemical potential for the 3-side-and 4side-graphene-covered buried waveguides, respectively. Similarly, the corresponding diagrams for the 3-side-and 4-side-graphene-covered ridge waveguides have been shown in the first and second rows of Fig. 11 . The general behavior of the curves of the TE and TM modes which overlap each other with a good precision ( Figs. 10 and 11 ) is similar to that of the real part of the dielectric constant of graphene versus chemical potential (Fig. 1 ). The differences between the real parts of EMI at its maximum ( = 0.4 ) and minimum ( = 1.0 ) for all the waveguides have been extracted from Figs. 10 and 11 and listed separately for each structure in Table 1 for the TE and TM modes. In Table 1 , the values of these differences for all the waveguides are shown for the TE and TM modes by ∆ and ∆ , respectively. On the other hand, the value of the quantity |∆ − ∆ | is a good criterion for checking the polarization-insensitive feature of phase modulation. The standard value of this quantity that confirms the existence of this feature is 5 × 10 −4 [41] . Accordingly, the results for this parameter, shown in the last column of Table 1 , belong to the proposed phase modulators because they are all smaller than the permitted standard value. This demonstrates that the proposed graphene-based Si waveguides previously introduced as polarization-independent amplitude modulators can also act as good polarization-insensitive phase modulators.
Another important parameter in phase modulators is the length (here denoted by ) that the propagating light must travel in order to obtain a -phase shift. It is easily calculated by the following relation: at the wavelength of 1.55 . To the best of the authors' knowledge, this value for is better than those for all the other graphene-based waveguide phase modulators reported before. 
The study of the proposed structures in optical telecommunication wavelengths
Although the structures have been designed for polarization-insensitive amplitude and phase modulations at the wavelength of 1.55 , their behaviors in the optical telecommunication range are also investigated. The performances of all the structures using MPA and ∆ as the functions of wavelength are studied. For amplitude modulation, the MPA spectra of the fundamental TE and TM modes have been calculated at = 0 for all the structures with optimized belonging to the second intersection point ( Table 1 ). As shown in Fig. 11 , the MPAs for two fundamental modes of each structure and also their difference (∆MPA = | − |) as the functions of wavelength are calculated for a better understanding of the modulation bandwidth of each optimized structure. The general features of ∆MPA spectra for all the structures are similar to each other and as already expected they experience a minimum nearly at the wavelength of 1.55 . A 1 difference in the output intensity of the TE and TM modes is an acceptable criterion showing that the polarization-insensitive feature is conserved [41] . Therefore, when a modulation length of 50 is selected, the value of ∆MPA is equal to 0.02 ⁄ . Hence, the modulation bandwidth of the structures can be defined as a range of wavelengths in which ∆MPA is less than 0.02 ⁄ . Therefore, based on this criterion, structure (a) can act as a polarization-insensitive electro-absorption modulator in the wavelength range of 1300 to 1620 nm. This range for structures (b), (c), and (d) is 1300 to 1610 nm, 1420 to 1600 nm, and 1385 nm to 1600 nm, respectively (see Fig. 12 (a-d) ). as the functions of wavelength for the waveguides with optimized at the second intersection point (Table 1) The same procedure can be applied for the bandwidth analysis of these optimized waveguides in phase modulation. Thus, the discrepancy between the real parts of the EMIs (∆ ) at two chemical potential values of the of graphene layers is calculated as a function of wavelength. Since the maximum value of the real parts of the EMIs occurs at the chemical potential of = 2 ⁄ (see Figs. (9) and (10)), ∆ has been set to the discrepancy between the real parts of EMIs at = 2 ⁄ and = 1 . Moreover, the difference between the two obtained values of ∆ for two polarization modes |∆ − ∆ | has also been calculated as a function of the wavelength in Fig. 12 . For the polarization-insensitive phase modulation, the last parameter must be less than 5 × 10 −4 [41] . Therefore, according to Fig. 12 , a range of wavelengths are determined for each structure at which polarization sensitivity is negligible. Hence, by complying with this criterion and looking at various parts of Fig. 13 , one can calculate the modulation bandwidths of structures (a), (b), (c), and (d) as 1500-1580 nm, 1500-1570 nm, 1510-1570 nm, and 1520-1570 nm, respectively. It is also worth noting that the optical dispersions of all the materials are considered in this wavelength study. Fig. 13 . The real parts of ∆ , ∆ , and |∆ − ∆ | as the functions of wavelength for the waveguides with optimized at the second intersection point (Table 1) It should be noted that in the above discussion, the curves in Fig. 13 (and those in Fig. 4 ) are not smooth like their counterparts in Fig. 12 (and Fig. 3 ) and it can clearly be seen they have some ripples. The physical explanation for these ripples as was mentioned at the end of section 3 is the surface modes on the graphene layers which are excited at high chemical potentials (see Fig. 5 ).
Conclusion
In this paper, four rectangular graphene-based Si waveguides in the ridge and buried geometries (with a fixed height) were introduced as polarization-insensitive amplitude and phase modulators. This claim was verified by numerical simulation. Although the proposed structures were originally designed for the single wavelength of 1.55
, the polarization independence of these modulators was conserved in a good wavelength range. Therefore, in addition to the polarization-insensitive feature of these optimized graphene-based Si waveguides as a result of the large values of MPA (nearly 0.3 ⁄ at = 1.55 ) and ∆ (nearly 0.02 at = 1550 ), they are highly eligible for small footprint modulators in integrated photonic devices.
